ABSTRACT With the rapid-freeze, deep-etch replica technique, the structural conformations of outer dynein arms in demembranated cilia from Tetrahymena were analyzed under two different conditions, i.e., in the absence of ATP and in the presence of ATP and vanadate. In the absence of ATP, the lateral view of axonemes was characterized by the egg-shaped outer dynein arms, which showed a slightly baseward tilt with a mean inclination of 11.1 ° _ 3.4 ° SD from the perpendicular to the doublet microtubules. On the other hand, in the presence of I mM ATP and I00/~M vanadate, the outer arms were extended and slender and showed an increased baseward tilt with a mean inclination of 31.6 ° ___ 4.9 ° SD. In ATP-activated axonemes, these two types of arms coexisted, each type occurring in groups along one row of outer arms. These findings strongly suggest that the interdoublet sliding is caused by dynamic structural changes of dynein arms that follow the hydrolysis of ATP.
Since Satir (1) first obtained evidence for the sliding tubule hypothesis for ciliary movement from electron microscopic observations, and Summers and Gibbons (2) successfully demonstrated that ATP-induced active sliding of adjacent doublet microtubules in trypsin-treated, demembranated axoneme preparations, isolated axonemes have been used as a highly advantageous model for mechanochemical analysis of cilia and flagella. It is now widely accepted that the two rows of dynein arms on the A-tubule of each doublet are responsible for ATPinduced active sliding in axonemes. Although the broad outlines of this sliding-tubule model appear to have been well established, there is at present very little data to explain at the molecular level how dynein arms convert the chemical energy of ATP into the mechanical work for interdoublet sliding (3) .
By analogy with myosin in striated muscle, the mechanochemical cycle of dynein arms may comprise the following processes: (a) the formation of cross-bridges of dynein arms between adjacent doublets, (b) the structural changes of the dynein arms, and (c) the detachment of the dynein arms from B-tubules of the doublets (4, 5) . At present, however, our knowledge of the structural changes of the dynein arms is still limited. Sale and Satir (6) first demonstrated the baseward tilt of the dynein arms on the A-tubules of isolated axonemes. Warner and Mitchell (7) further substantiated the baseward tilt of dynein arms in both the "bridged" and "unbridged" states. Recently, Takahashi and Tonomura (8) elegantly showed that 30S dynein from Tetrahymena cilia bound to both the A-and B-tubules of isolated doublets with a baseward tilt and that ATP caused dissociation of the dynein from the B-tubule. They suggested that in the presence of ATP the dynein arms might undergo an attachment-detachment cycle with changes in their 1480 tilting angle. All these results were obtained by negative-stain electron microscopy of disintegrated axonemes of Tetrahymena cilia. Unfortunately, in negative staining, it is not easy to control the physiological environment of the dynein arms with respect to free Mg ÷+, ATP, ADP, etc. Furthermore, in negatively stained preparations, the possible superimposition effect of outer and inner dynein arms (and the spoke structures, in some cases) may obscure the images of individual dynein arms.
The freeze-etch replica technique combined with rapid freezing has been successfully applied to ultrastructural analyses of many cellular processes (9) (10) (11) (12) . This technique can provide information about the three-dimensional organization of structures at high resolution without chemical fixation. Furthermore, the "temporal resolution" can be expected to be 2 ms or better in rapid freezing using liquid helium (9) . Hence, we have used this technique to analyze the structural changes of dynein arms in axonemes during the mechanochemical cycle. This paper describes (a) the structural differences between outer dynein arms in the absence of ATP and in the presence of ATP and vanadate, a specific dynein ATPase inhibitor (13) , and (b) the structural changes of outer arms during the ATP-hydrolysis cycle. In this study, to avoid specimen deformation, frozen samples were not fractured. Therefore, our observations were limited to the lateral view of isolated axonemes.
MATERIALS AND METHODS

Isolation of Cilia:
Tetrahymenapyriformis, strain W, was grown in 2% proteose peptone, 1% glucose, and 0.2% yeast extract (pH 7.3) at 27°C. A~er 4 d in culture, the cells were harvested by gentle centrifugation (400 g). The ciha were isolated according to the ethanol-calcium procedure used by Takahashi and Tonomura (8) , a modification of the original method of Watson and Hopkixts (14) and Gibbons (15) . All subsequent preparative steps were carried out at 4°C unless otherwise stated. Isolated cilia were suspended in 25 mM KCI, 2.5 mM MgSO,, 0.2 M sucrose, 1 mM dithiothreitol (DTT), and 30 mM Tris-thioglycolate buffer (pH 8.3) and mixed with an equal volume of the same buffer solution containing 1% (vol/vol) Triton X-100. After an 8-rain incubation, the demembranated axonemes were centrifuged at 12,000 g for 20 rain, and the axonemal pellet was gently resuspended in HEPES solution (25 mM KC1, 2.5 mM MgSO~, 1 mM DTT, 10 mM HEPES, pH 7.5). The resuspended axonemes were washed with HEPES solution by centrifugation (12,000 g for 20 mitt) and resuspended again in HEPES solution with or without 1 mM ATP and 100 /~M sodium orthovanadate (final pH 7.5). About 5 min after resuspension, the axonemes were centrifuged at 27,000 g for 40 min, and the pellet was immediately frozen using a rapid-freezing apparatus.
Rapid-freezing and Replication:
The rapid freezing method used in this study has been previously described in detail (11, 12) . The axonemal pellet (with or without 1 mM ATP and 100 #M vanadate) was mounted on wet filter papers placed on a specimen holder and frozen by slamming the pellet against a pure copper block cooled to 4°K by liquid helium, using a newly developed freezing apparatus (16) (RF-10, Eiko Engineering, Mito, Japan). In some experiments, after mounting the pellet (without ATP and vanadate) on the specimen holder, a drop of I mM ATP in HEPES solution containing 0.1 mM EDTA was added to the pellet and allowed to sit for 5 s at room temperature. At the end of this incubation, the drop was quickly drained, and the pellet was rapidly frozen within 15 s. These frozen samples were stored in liquid nitrogen.
For deep-etching and replication, the frozen samples were brought directly into a conventional freeze-fracture apparatus (FD-3, Eiko Engineering, Mito, Japan) and, without fracturing, the metal-contacted surface of the samples was deeply etched in vacuo at 2 x 10 -7 mm Hg followed by rotary shadowing (0.5 rps) with platinum (25 °) and carbon (90°). The sample was then removed from the apparatus, treated with absolute methanol for 2-10 li, and immersed in household bleach (sodium hypochloride). The replicas that floated off the tissues were washed with distilled water and picked up on Formvar-fdmed grids. The replicas were examined in a Hitachi 11-DS electron microscope at an accelerating voltage of 75 kV. Electron micrograph negatives were routinely contact-reversed and then printed as negative images. During all procedures, from picking-up of replicas to printing of photographs, careful attention was paid not to make mirror images of the real structures of axonemes.
A TPase Assay and Turbidity Measurement:
To evaluate the activity of isolated axonemes, ATPase assays and turbidity measurements were made. The ATPase assay was performed in a reaction medium containing 1.0 mM ATP and 0.1 mM EDTA in HEPES solution (final pH 7.5), 20°C, at an axonemal protein concentration of 0.6 mg/ml. The reaction was initiated by the addition of ATP and terminated by adding trichloroacetic acid to a final concentration of 8% (wt/vol). Liberated inorganic phosphate was determined by a procedure modified from the method of Berenblum and Chain (17) . The ATPase activity of axonemes was also assayed in the presence of 1 #M, 10 #M, 100/~M, and 1 mM sodium orthovanadate.
The axoneme disintegration induced by 1 mM ATP was monitored by measuring changes in the turbidity of an axoneme suspension (0.6 mg/ml in HEPES solution containing 0.1 mM EDTA) at 20°C, using a Hitachi 220 spectrophotometer. The effects of vanadate on the turbidity change were also measured.
The protein concentration was determined by the method of Lowry et al. (18) .
RESULTS
Effects of A TP and Vanadate on Isolated Axonemes
The treatment of isolated cilia with 0.5% Triton X-I00 removed the plasmalemma, resulting in naked axonemes accessible to exogenous substances such as ATP and vanadate. Such axonemes showed the typical 9 + 2 microtubule structure, essentially the same as that of intact cilia, in thin-section electron microscopy. We also confirmed in negative staining that, without any additional protease treatment, the axonemes underwent active sliding disintegration into individual doublets and groups of a few doublets following the addition of 1 mM ATP, as previously reported (6, 7) . However, 100 #M vanadate completely inhibited such ATP-induced disintegration (data not shown). This effect was also detected spectrophotometrically; the ATP-induced turbidity change of the axonemal suspension at 350 nm became smaller as the concentration of vanadate increased. This inhibition reached a maximum of -90% at the vanadate concentration of 100 #M and did not increase at all higher concentrations (Fig. 1) . A similar dosedependent relationship was obtained between the vanadate concentration and the ATPase activity of isolated axonemes; vanadate caused almost complete inhibition of axonemal ATPuse activity at 100 #M (Fig. 1) .
Since vanadate was reported not to interfere with the ATPinduced detachment of the dynein arms from the B-tubule but to inhibit their reattachment (5, 13, 19), we expected to recognize two distinct conformational states of dynein arms when isolated axonemes were treated with the two different HEPES solutions, (a) without ATP and (b) with 1 mM ATP and 100 #M vanadate.
Two States of Outer Dynein Arms
Since the frozen samples were not fractured, the freeze-etch replicas revealed the clear images of the lateral surface of axonemes in the holes of the outermost film that was artifactually produced on the air-liquid interface (Fig. 2) . These holes were probably formed by peeling off or rupture of the outermost film, exposing the underlying axonemes. In the replicas, the lateral view of each axoneme showed 3-4 rods longitudinally oriented and 3--4 rows of globular structures between the rods. To interpret these lateral-view images, 0.5 M KCl-extracted axonemes, in which outer dynein arms were selectively removed, were examined by the same freeze-etch replica method. Such KCl-extracted axonemes were seen as 3-4 double rods free of globular structures (inset in Fig. 2 ). This was confirmed by thin-section electron microscopy. Furthermore, after ATP-induced disintegration of axonemes, each of the isolated doublets appeared to be one rod and one row of globular structures (data not shown). From these findings, it was concluded that the rods and globular structures seen in the lateral view of unextracted axonemes represent the B-tubules and the rows of outer dynein arms on the A-tubules, respec- tively, and that the A-tubules were hardly seen behind the rows of outer arms. Moreover, the globular structures showed a repeating interval of 220 A, almost the same repeat as that of the dynein arms described by negative-staining electron microscopy (3). The polarity of axonemes was readily determined according to the earlier descriptions of the three-dimensional architecture of axonemes (3). When the axonemes in the absence of ATP were compared with those in the presence of 1 ram ATP and 100 #M vanadate, significant differences were discerned in the tilting angle and the structure of the outer dynein arms under the two different conditions (Fig. 2) . In the absence of ATP, all axonemes were characterized by structurally uniform outer dynein arms that were attached to the doublet microtubules at almost right angles. Although it was difficult to determine the exact tilting angle of the outer arms in replica images, the arms in a full lateral view showed a slightly baseward tilt with the mean inclination of 11.1 o + 3.4 ° SD from the perpendicular to the doublet (see Fig. 4 ). On the other hand, in the presence of 1 mM ATP and 100 #M vanadate, in ~80% of the isolated axonemes, all arms showed a characteristically baseward tilt with the mean inclination of 31.6 ° + 4.9 ° SD from the perpendicular (see Fig. 4 ). About 10-20% of the axonemes exhibited a tilt similar to that seen in the absence of ATP. Interestingly enough, both types of arms never coexisted in a single axoneme. We consider that the 10-20% of axonemes with the perpendicular configuration had become insensitive to ATP for some reason. Therefore, the arms with an almost perpendicular position (11.1 °) and with a tilted position (31.6 °) are here tentatively designated as "P-type" and "T-type," respectively.
Observations at higher magnifications revealed that, in addition to the difference in inclination, a significant difference in the structure of outer dynein arms also occurred between the P-type and the T-type (Fig. 3) . The arms of the P-type showed an egg-shaped configuration of 27.0 n m + 2.5 nm SD in length along the axis of the arm and 20.5 nm _+ 2.3 nm SD in width, while those of the T-type were more extended and slender, measured to be 32.7 nm + 3.6 nm SD in length and 16.7 nm + 2.3 nm SD in width (see Fig. 4 ). These dimensions of outer dynein arms may be overestimated, because -2 -n m - thick platinum was deposited in our specimens. Furthermore, the outer dynein arms provided images of a possible subunit organization as shown in Fig. 4 . In particular, the T-type arms were seen to be composed of two spherical structures and a connecting rod. In both types of axonemes, some arms showed intermediate structural conformations and tilting angles between the P-type and the T-type (see Fig. 4 b and c) . Interestingly, both arm types were occasionally seen with slender strands, each strand connecting an arm to an adjacent B-tubule (Fig. 3 d) . Stereo pair electron microscopy showed that there were no detectable structural changes in either type of arm radially around the axoneme. It was difficult to measure precisely the interdoublet distance in the replicas.
Outer Dynein Arms in Reactivated Axonemes
The freeze-etch replica method was also used to examine whether the structural changes of outer dynein arms observed in P-type and T-type also occurred in ATP-reactivated axeheroes. There were some difficulties in this approach. First, it took at least 20 s for the whole procedure from the administration of ATP to freezing. Therefore, at the time of freezing, most of the axonemes had completed their active sliding, and the replicas of the metal-contacted surface mainly contained disintegrated axonemes. Secondly, the possibility could not be excluded that some of the axonemes seen in replicas had not been directly exposed to ATP, because the incubation time RAPID COMMUNICATIONS 1 4 8 3 FIGure 4 Structural conformations of outer dynein arms. Four lateral views of outer dynein arms are selected from the axonemes in the absence of ATP (a and b) and in the presence of I mM ATP and 100gM vanadate ( c a n d d). The arms in a and d a r e typical P-and T-type, respectively (see text for details), and those in b and c are intermediate-type arms. A possible subunit organization is seen in these arms. In e and f, average dimensions and inclinations of outer dynein arms of P-and T-type are shown, respectively. The standard deviation of each value is described in the text. The doublet microtubules to which the outer arms belong are on the lower side, and the base of the axonemes points to the right, x 640,000. with ATP was very short (5 s). Nevertheless, in such ATPtreated axonemal samples, we could observe some significant features of the outer dynein arms between doublet microtubules in the nondisintegrated or partially disintegrated axonemes. Such reactivated axonemes often showed the coexistence of the P-type and T-type of outer arms within one row of arms (Fig.  5) , which was not observed in the static axonemes incubated in the absence of ATP or in the presence of ATP and vanadate. Furthermore, both types of arms were not mixed randomly, but tended to occur as groups along one row of outer arms.
D I S C U S S I O N
Taking advantage of the application of the rapid-freeze, deepetch replica technique to the isolated axonemes from Tetrahymena, we have been able to demonstrate structural differences in outer dynein arms under two different conditions, i.e., in the absence of ATP and in the presence of ATP and vanadate. In the absence of ATP, the outer arms were oriented almost perpendicular to the doublets with a 11 o baseward tilt, essentiaUy consistent with the results obtained from the chemically fixed, thin-sectioned preparations of Satir et al. (4) . Judging from available evidence, it is safe to say that such P-type arms occur in a "rigor" state, although in lateral-view replicas it is difficult to determine whether the doublets are really crossbridged by the arms. On the other hand, in the presence of 1 mM ATP and 100 gM vanadate, the outer arms were characterized by a uniform, 32 ° baseward tilt, which was consistent with the negative-staining observations of isolated doublets (6, 7, 8) . Both the axonemal ATPase activity and the ATP-induced turbidity changes of axonemal suspensions were almost completely inhibited by 100 gM vanadate. The combination of vanadate and ATP was reported to be a reliable and convenient condition for maintaining flagella in a relaxed state (5, 19) . Hence, the T-type of arms can be regarded to occur in a "relaxed" state.
This paper is the first demonstration using nondisintegrated axonemes without any chemical fixation that the outer dynein arms occur in two distinct types of conformation, P-and Ttypes. In the replica images, the dynein arms appeared to have a subunit organization. As shown in Fig. 4 , the outer arms are composed of three portions: a spherical part associated with the A-tubule ("body"), a spherical part in proximity to the adjacent B-tubule ("head"), and a connecting part ("neck"). In the P-type arm, the structure appears to be folded, making the "head" and "body" portions come close to show an egg-shaped outline. On the other hand, the T-type arm showed an extended configuration with three portions aligned in C-shape. Interestingly, arms of intermediate type were occasionally observed. The present results may explain the discrepancy between two previous observations on the subunit organization of isolated dynein arms, i.e., the linear arrays of three subunits observed by Warner et al. (20) and heart-shaped structures with two heads seen by Yano and Miki-Noumura (21). These two images are very similar to those of T-and P-type arms in our replica observations, respectively. It is still premature to discuss the sliding mechanism at the level of dynein subunits, but the present observations strongly suggest that the interdoublet sliding is caused by a dynamic conformational change of dynein arms, mainly by folding of the arm structures, which follows the hydrolysis of ATP (Fig. 6) .
Our observations on the ATP-activated axonemes indicated that P-and T-type arms could coexist, often forming groups along one row of dynein arms. This suggests that the dynein FIGURE 6 Postulated dynein cross-bridge cycle which is based on present observations and the models previously proposed by Satir et al. (4) and Sale and Gibbons (5) . In the upper two states, the arm is the T-type, and in the lower two states, the P-type. As shown in Fig. 4 , the T-type arm shows an extended configuration with three portions: a spherical part associated with the A-tubule ("body"), a spherical part in proximity to the adjacent B-tubule ("head"), and a connecting part ("neck"). The P-type arm appears to be folded, showing an egg-shaped outline. The following processes are considered in this model:
Step 1, attachment of the "head" portion of the arm to the adjacent B-tubule; Step 2, interdoublet sliding caused by the structural change of the arm from T-to P-type; Step 3, detachment of the "head" portion from the adjacent B-tubule; and Step 4, structural change of the arm from P-to T-type. This model may be an oversimplification of the structural changes, since a possible rotation of the arm around its axis is neglected here. Probably, ATPbinding and ATP-hydrolysis occur in Steps 3 and 4, respectively, and vanadate inhibits Step 1. A, A-tubule; B, B-tubule; N, number of the doublet; gl, sliding caused by one cycle of dynein arm.
arms may move in a nonrandom and cooperative manner. Indeed, the rapid-freeze, deep-etch replica technique used in this study is a powerful tool for in situ morphological analysis of the mechanochemical activities of the dynein arms, since this technique has good "temporal resolution" (9) . However, before fruitful examination of such dynamic activities, we must determine how to control the time course of ATP incubation with greater precision and to raise the reactivation rate of the axonemes up to almost 100%. Information on the inner arm is also needed for a better understanding of ciliary movement. Studies along this line with the freeze-replica technique are currently being conducted in our laboratory.
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